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Abstract: In the mature chorion, one of the membranes that exist during pregnancy between the developing fetus and 
mother, human placental cells form highly specialized tissues composed of mesenchyme and floating or anchoring villi. 
Using fluorescence in situ hybridization, we found that human invasive cytotrophoblasts isolated from anchoring villi or 
the uterine wall had gained individual chromosomes; however, chromosome losses were detected infrequently. With 
chromosomes gained in what appeared to be a chromosome-specific manner, more than half of the invasive cytotro-
phoblasts in normal pregnancies were found to be hyperdiploid. Interestingly, the rates of hyperdiploid cells depended not 
only on gestational age, but were strongly associated with the extraembryonic compartment at the fetal-maternal interface 
from which they were isolated. Since hyperdiploid cells showed drastically reduced DNA replication as measured by 
bromodeoxyuridine incorporation, we conclude that aneuploidy is a part of the normal process of placentation potentially 
limiting the proliferative capabilities of invasive cytotrophoblasts. Thus, under the special circumstances of human repro-
duction, somatic genomic variations may exert a beneficial, anti-neoplastic effect on the organism. 
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INTRODUCTION 
  With an incidence of one in every 5-6 clinically recog-
nized pregnancies, spontaneous abortions (SABs) during the 
first trimester are the most frequent and often severe preg-
nancy complication in women [1]. Causes of SABs have 
been identified as chromosomal abnormalities, uterine de-
fects, immunological problems, hormonal imbalance and 
infection [2-6]. While more than half of all first trimester 
SABs are associated with chromosomal abnormalities, 
nearly 40% remain unexplained [6]. With no apparent asso-
ciation between placental villous morphology and fetal 
chromosomal abnormalities, SABs with either euploid or 
aneuploid conceptuses demonstrated incomplete cytotropho-
blast (CTB) differentiation and compromised invasion [7-9]. 
These observations prompted our studies of the chromoso-
mal make-up of extra-embryonic cells at materno-embryonic 
and fetal-maternal interfaces, i.e., the human placenta and 
the uterine wall.  
  Today, all non-placental species of Eutheria are extinct. 
The development of eutherian embryos thus depends on the 
placenta, a transient, but vital organ; thus, the name ‘Placen-
talia’ [10, 11]. The critical role of the placenta in demonstrat-
ing an embryo’s ability to generate lineages of differentiative 
capacity is illustrated strikingly by the placental abnormali-
ties discovered first in genetically engineered mice [12, 13]. 
During early human development, cells of the blastocyst are 
allocated to either the inner cell mass, which later becomes  
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the fetus, or the trophoblast lineage, which forms the outer 
layer of the chorion and gives rise to the placenta. Soon, spe-
cialized functional adaptations of the trophoblast cells will 
emerge. The chorionic villi are at first small and non-
vascular, and consist of the trophoblast only. But soon they 
increase in size and branch out, whereas the mesoderm car-
rying branches of the umbilical vessels grows into them and, 
in this way, vascularizes the villi [14]. To build floating villi, 
cytotrophoblast cells (CTBs) fuse to form multinucleated 
syncytial coverings. These villi are attached to the placenta 
at only one end. The remainder of the floating villus remains 
immersed in maternal blood to optimize the exchange of 
gases, nutrients and waste between the mother and fetus 
(Fig.  1). In the process of building anchoring villi, CTBs 
detach from the basement membrane and form columns of 
mononuclear cells that grow rapidly and invade the uterus. 
Attached to the fetal portion of the placenta at one end and to 
the uterine basal plate at the other end, these villi provide 
anchors of the embryo to the uterine wall. Also of major 
functional importance, invasive CTBs (iCTBs) rapidly trav-
erse most of the uterine parenchyma. Then, extravillous tro-
phoblasts breach the uterine veins and arteries, and remodel 
the spiral arteries by replacing the endothelium with cytotro-
phoblasts, and thereby diverting uterine blood flow to the 
floating villi [15-19]. 
  In human reproduction, CTBs seem to fulfill several im-
portant functions and one would not expect much tolerance 
of chromosome abnormalities. The cells’ expression of func-
tionally relevant molecules is precisely modulated as they 
invade the uterine wall or the extracellular matrix [20, 21], 
and some of the key molecular aspects of CTB differentia-
tion and invasion are known [12, 13]. Except for the fact that 
invasion is limited to the inner third of the myometrium [19] Somatic Genomic Variations in Extra-Embryonic Tissues  Current Genomics, 2010, Vol. 11, No. 6    403 
(Fig.  1), this process resembles more tumorigenesis than 
organ development. Remarkably, months of rapid placental 
growth and CTB invasion will bring large numbers of CTB 
cells into the myometrium [17, 19]. Yet, in most pregnan-
cies, the uterus contracts after labor and delivery, and pro-
gressively resumes normal size, shape and function without 
any signs of unscheduled cellular growth, presence of fetal 
cells or neoplasm. 
Ontogenetic Aspects and Cytogenetics Underlying Cytot-
rophoblast Function in the Normal Pregnancy  
  In most pregnancies, the fetus and the placenta have the 
same chromosomal complement, because both structures are 
descendants of the same zygote. The known exceptions are 
mosaics caused by chromosomal instability [22]. However, 
in one to two percent of viable pregnancies, chorionic villus 
sampling around 10 to 12 weeks of gestation reveals a nu-
merical chromosome abnormality, most often trisomy, con-
fined to the placenta [22, 23]. Confined placental mosaicism 
(CPM), as it has been termed, can occur as a result of 
postzygotic errors in mitosis, in which case the conceptus 
often retains a normal karyotype. Alternatively, a trisomic 
blastocyst may be rescued by chromosome loss within the 
embryo, leaving the extraembryonic lineages and thus the 
placenta trisomic [24-26]. Approximately 20% of pregnan-
cies complicated by idiopathic intrauterine growth restriction 
are associated with CPM [27-29]. About 5% of conceptions 
with trisomy 13 or 18 develop trophoblast-confined mo-
saicism and continue their intrauterine development into the 
third trimester [30]. Placentae from non-mosaic newborns 
with trisomy 13 or 18 or stillborns have shown trophoblast-
confined diploid/trisomy mosaicism [31]. Thus, the process 
of ‘trisomic zygote rescue’ might allow some trisomic con-
ceptuses to acquire a partially functional placenta and sur-
vive into the third trimester, if not to term. These observa-
tions emphasize the important issue that fetal survival and 
maternal health are not always dependent on the fetal karyo-
type. Proper function of extra-embryonic tissues such as the 
placenta or chorionic villi, are needed for embryonic/fetal 
survival, and genetic or morphological abnormalities in these 
tissues might adversely affect fetal development [19]. 
  In many instances, the level of mosaicism detected by 
chorionic villus sampling does not properly reflect the level 
in the term placenta as a whole, which may vary considera-
bly [32]. To date, most genetic studies have examined cells 
in the floating villi including the trophoblast populations. On 
the other hand, very little is known about the karyotypes of 
human CTBs that arise from anchoring villi and subse-
quently invade the uterine wall. Interestingly, the analogous 
population of invasive trophoblasts in mice is believed to 
undergo endoreduplication [33, 34]. A few additional reports 
partly based on cytometry results suggested the possibility 
that human iCTBs have an elevated ploidy level (hy-
pertetraploid and hyperoctaploid) [35-37].  
  In our studies of uncomplicated pregnancies, we did find 
that a majority of iCTBs identified as human leukocyte anti-
gen – G (HLA-G) positive cells [21] were chromosomally 
abnormal [38-40]. Please note that this population is rarely 
studied by any means, because of the difficulty of obtaining 
these samples. Thus, it is not surprising that this phenome-
non was not described earlier. Our work showed that in the 
CTB differentiation pathway, fate specification and cell cy-
cle entry are tightly coordinated. Specifically, CTBs undergo 
a final mitotic cycle as they enter the cell columns (Fig. 1), 
i.e., the structures that bridge the gap between the chorionic 
villi and decidua. Subsequently, uterine invasion is coordi-
nated with permanent withdrawal from the cell cycle [41, 
42]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (1). The different cell types at the fetal-maternal interface around 10-12 weeks of gestation. Depicted is a diagram of a longitudinal 
section of an anchoring chorionic villus at the fetal-maternal interface midway through human pregnancy. The anchoring villus functions as a 
bridge between the fetal and maternal compartments, whereas floating villi are suspended in the intervillous space and are immersed in ma-
ternal blood. Cytotrophoblasts in anchoring villi form cell columns and invade the uterine interstitium and maternal blood vessels, thereby 
anchoring the fetus to the mother and accessing the maternal circulation. (Reprinted from Developmental Biology, vol. 279, JF Weier et al., 
Human cytotrophoblasts acquire aneuploidies as they differentiate to an invasive phenotype, pages 420-432, Copyright 2005, with permis-
sion from Elsevier). 404    Current Genomics, 2010, Vol. 11, No. 6  Weier et al. 
Multicolor FISH and Karyotype Analysis of Interphase 
Cells  
 We  have found that a subset of freshly isolated CTBs 
from normal pregnancies have numerical chromosomal ab-
normalities [39]. In our experiments, we applied a variety of 
non-isotopically labeled DNA either prepared in-house [43-
47] or obtained commercially (Abbott Molecular, Downers 
Grove, IL). With few exceptions, probes used in our studies 
were either DNA repeat probes or locus-specific DNA 
probes [48-51]. When cells obtained from patients with un-
complicated pregnancies were hybridized with three chro-
mosome enumerator probes (CEPs) specific for the X- and 
Y-chromosomes and chromosome 16 (CEP X, CEP Y, and 
CEP 16, respectively) or chromosomes 13, 18 and 21, we 
observed that many CTBs displayed a continuum of CEP X 
signals that ranged from closely spaced pairs to widely sepa-
rated CEP X signals (Fig. 2) [39,40].  
  In most cells, the copy number of X-chromosome was 
greater than the copy number of chromosome 16 or 18, but 
we did not observe significant differences between the frac-
tion of hypersomic cells isolated from either unselected pla-
centae or the basal plate (Fig. 3). Since the subpopulation of 
replicating, presumably diploid, CTB progenitors is rapidly 
depleted after the first trimester of pregnancy, we also ana-
lyzed aneuploidy as a function of gestational age. The CTBs 
isolated from first-trimester and term placentas had the low-
est and highest mean rates of aneuploidy, respectively (22.2 
± 8.5% vs. 40.5 ± 9.0%), whereas second-trimester cells had 
an intermediate value (35.8 ± 12.5%) [39]. Furthermore, we 
studied the chromosomal make-up of CTBs in situ. Frozen 
tissue sections from three gestational ages were studies, and 
three cell types were scored: mesenchymal cells in the cen-
tral cores of the chorionic villi, multinucleated syncytiotro-
phoblasts that cover these villi, and CTBs within the uterine 
wall (Fig. 4). The average rate of hyperdiploidy among mes-
enchymal cells was 11.6 ± 5.4%, 15.3 ± 8.3%, and 19.3 ± 
9.3% in tissue sections of first-trimester, second-trimester 
and term placentas, respectively. In comparison, syn-
cytiotrophoblasts showed a higher rate that increased with 
advancing gestational age (8.2 ± 6.1%, first trimester; 22.0 ± 
5.7%, second trimester; and 30.4 ± 11.7% at term). Of all the 
cells that were scored, CTBs in the uterine wall were more 
likely to be hyperdiploid: 38.1 ± 7.0% of cells in the second 
trimester and 42.6 ± 13.8% of cells at term had extra chro-
mosomes. Finally, analysis of tissue sections (not shown) 
showed that the spatial distribution of the aneuploid tro-
phoblasts appeared to be random, suggesting that the cells 
acquire aneusomies sporadically as opposed to clonal expan-
sion of an aneuploid CTB subset. 
  We also have shown that the aneuploid cells, which fail 
to incorporate bromodeoxyuridine (BrdU), are HLA-G posi-
tive [39]. Additionally, the fraction of hyperdiploid cells 
increased with gestational age (Fig. 4), most likely reflecting 
the fact that the population of progenitor cells is largely de-
pleted by mid-second trimester as a result of their differen-
tiation to syncytiotrophoblasts or iCTBs. Together these 
findings suggest that the aberrations in chromosome number 
in iCTBs arise during the last mitotic cycle, a conclusion that 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (2). FISH analysis of isolated CTBs reveal numerical chromosome aberrations. The six cell nuclei shown in this panel were hybrid-
ized with a triple probe combination and counterstained with DAPI. The probes used were CEP 16 (Spectrum Green), CEP X (Spectrum 
Orange) and CEP Y (Spectrum Aqua, blue) (Abbott, Inc.). Since these CTBs were isolated from extraembryonic tissue of a female concep-
tus, the nuclei did not show any blue signals. The panels show the DAPI, CEP X and CEP 16 signals in panels (A), (B), and (C), respec-
tively. The composite image is shown in panel (D). The arrows point at an aneuploid nucleus showing 4 red and 4 green signals. Please see 
Weier et al. [39] for further examples. Somatic Genomic Variations in Extra-Embryonic Tissues  Current Genomics, 2010, Vol. 11, No. 6    405 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (3). FISH analysis of isolated CTBs obtained from women with normal pregnancies. For most of the chromosomes, the average 
fraction hypersomic cells of isolated from the placenta is slightly lower than that of cells from the basal plate (i.e., uterine wall). Six chromo-
somes (13,16,18,21,X-chromosome,Y-chromosome) were scored. Due to the mix of female and male samples, the Y-chromosome data was 
excluded from analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (4). FISH analysis of invasive CTBs in at the fetal-maternal interface. Analysis of tissue sections allowed calculation of the percent-
age of hyperdiploid cells in the various placental compartments during the first and second trimesters and at term. Samples of CTBs embed-
ded in the uterine wall could not be obtained during the first trimester. During the second trimester, hyperdiploid cells were found more often 
within the uterine wall than in association with the floating villi (* p < 0.002). 
is bolstered by our in situ analyses. The sequestration of the 
aneuploid cells within the uterine wall provides a likely ex-
planation why hyperdiploid CTBs are not found by chorionic 
villus sampling.  
  Most SABs are sporadic and while chromosomal errors 
are their most prominent cause, the exact mechanism of the 
abortion event is still in dispute. Qumsiyeh et al. [52] sug-
gested a mechanism for aneuploid SAB: increased apoptosis 
and decreased cell proliferation in chromosomally abnormal 
placental cells. These investigators found a higher fraction of 
apoptotic cells among the stromal cells from chromosomally 
abnormal villi compared to those from chromosomally nor-
mal villi. But apoptotic fractions were no different among 
trophoblastic cells from either type of villus. Moreover, in 
blood vessel walls, chromosomally abnormal villi had a 
lower number of proliferative cells than chromosomally 
normal villi. The authors suggested that apoptosis of stromal 
cells and cell proliferation in both blood vessels and stromal 
cell compartments play an important role in the differentia-406    Current Genomics, 2010, Vol. 11, No. 6  Weier et al. 
tion and function of villi. An abnormal chromosome com-
plement may lead to decreased cell proliferation of both vas-
cular smooth muscle and stromal cells, however there is still 
no explanation for euploid SABs. 
CONCLUDING REMARKS 
  The human embryo/fetus cannot develop autonomously. 
The various portions of the placenta connect the conceptus in 
many ways to the mother, all of which are critical to the out-
come of the pregnancy. Proper formation of the materno-
fetal interface, i.e., the placenta and villous structures, is es-
sential to ensure normal embryonic growth and fetal devel-
opment. The results of our studies suggest that chromosomal 
abnormalities, such as the gain or loss of chromosomes, have 
functional consequences on the establishment of vasculature 
and fetal development. We have determined that human 
CTBs acquire aneuploidies as they differentiate to an inva-
sive phenotype suggesting that aneuploidy is an important 
component of normal placentation, likely to limit the prolif-
erative and invasive potential of CTBs [39, 40]. It will be 
very interesting to know, if similar alterations of the geno-
type of CTBs happen in SABs, which are known to be asso-
ciated with incomplete CTB differentiation and invasion. 
  Aneuploid CTBs have been found in large numbers in the 
placentae and chorionic villi associated with triploid concep-
tuses as well as in normal, uncomplicated pregnancies [38, 
39]. In both instances, the fraction of aneuploid CTBs in-
creases with gestational age, but does not appear to exert a 
detrimental effect on the organism. This is in contrast to re-
ports of genomic variations in other organs such as the re-
productive system, the human brain or in hematological dis-
orders [44, 53-56], where an association between aneuploidy 
and disease could be established [54, 56-58]. While it seems 
that all human tissues are affected by somatic genomic varia-
tions [59], albeit to a greatly varying extent, aneuploidy 
might be missed when present in rare cells [57, 60, 61]. This 
low frequency of genomic variants marks a demand for 
highly sensitive technologies-of-scale that offer the high 
throughput necessary to detect such rare events. The applica-
tion of improved methods for interphase cell analysis [62-64] 
and the novel genomic and proteomic technology platforms 
that have been developed in recent years promise to meet 
this need [65]. 
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ABBREVIATIONS 
BrdU =  Bromodeoxyuridine 
CEP  =  Chromosome enumerator probe 
CPM =  Confined  placental  mosaicism 
CTB =  Cytotrophoblast 
iCTB =  Invasive  cytotrophoblast 
HLA-G  =  Human leukocyte antigen - G  
SAB =  Spontaneous  abortions   
REFERENCES 
[1]  Zinaman, M.J.; Clegg, E.D.; Brown, C.C.; O'Connor, J.; Selevan, 
S.G. Estimates of human fertility and pregnancy loss. Fertil. Steril., 
1996, 65, 503-509.  
[2]  Strobino, B.; Kline, J.; Lai, A.; Stein, Z.; Susser, M.; Warburton, D. 
Vaginal spermicides and spontaneous abortion of known karyo-
type. Am. J. Epidemiol., 1986, 123, 431-443. 
[3]  Hay, P.E.; Lamont, R.F.; Taylor-Robinson, D.; Morgan, D.J.; Ison, 
C.; Pearson, J. Abnormal bacterial colonisation of the genital tract 
and subsequent preterm delivery and late miscarriage. Brit. Med. J., 
1994, 308, 295-298. 
[4]  Ancel, P.Y.; Saurel-Cubizolles, M.J.; Di Renzo, G.C.; Papiernik, 
E.; Breart, G. Risk factors for 14-21 week abortions: a case-control 
study in Europe. The Europop Group. Hum. Reprod.,  2000,  15, 
2426-2432. 
[5]  Li, T.C.; Tuckerman, E.M.; Laird, S.M. Endometrial factors in 
recurrent miscarriage. Hum. Reprod. Update, 2002, 8, 43-52. 
[6]  Menasha, J.; Levy, B.; Hirschhorn, K.; Kardon, N.B. Incidence and 
spectrum of chromosome abnormalities in spontaneous abortions: 
new insights from a 12-year study. Genet. Med., 2005, 7, 251-263. 
[7]  Fox, H. Histological classification of tissue from spontaneous abor-
tions: a valueless exercise? Histopathology, 1993, 22, 599-600. 
[8]  Rehder, H.; Coerdt, W.; Eggers, R.; Klink, F.; Schwinger, E. Is 
there a correlation between morphological and cytogenetic findings 
in placental tissue from early missed abortions? Hum. Genet., 1989, 
82, 377-385. 
[9]  Hustin, J.; Jauniaux, E.; Schaaps, J.P. Histological study of the 
materno-embryonic interface in spontaneous abortion. Placenta, 
1990, 11, 477-486. 
[10]  Weil, A."Mammalian evolution: Upwards and onwards". Nature, 
2002, 416, 798-799.  
[11]  Wildman, D.E.; Uddin, M.; Opazo, J.C.; Liu, G.; Lefort, V.; Guin-
don, S.; Gascuel, O.; Grossman, L.I. Genomics, biogeography, and 
the diversification of placental mammals. Proc. Natl. Acad. Sci. 
USA, 2007, 104, 14395-14400. 
[12]  Cross, J.C.; Werb, Z.; Fisher, S.J. Implantation and the placenta: 
key pieces of the development puzzle. Science, 1994, 266, 1508-
1518. Somatic Genomic Variations in Extra-Embryonic Tissues  Current Genomics, 2010, Vol. 11, No. 6    407 
[13]  Rinkenberger, J.L.; Cross, J.C.; Werb, Z. Molecular genetics of 
implantation in the mouse. Dev. Genet., 1997, 21, 6-20. 
[14]  Wikipedia Chorion. http://en.wikipedia.org/wiki/Chorion (Ac-
cessed May 1, 2010). 
[15]  Fisher, S.J.; Cui, T.Y.; Zhang, L.; Hartman, L.; Grahl, K.; Zhang, 
G.; Tarpey, J.; Damsky, C.H. Adhesive and degradative properties 
of human placental cytotrophoblast cells in vitro.  J. Cell Biol., 
1989, 109, 891-902. 
[16]  Librach, C.L.; Werb, Z.; Fitzgerald, M.L.; Chiu, K.; Corwin, N.M.; 
Esteves, R.A.; Grobelny, D.; Galardy, R.; Damsky, C.H.; Fisher, 
S.J. 92-kD type IV collagenase mediates invasion of human cytot-
rophoblasts. J. Cell Biol., 1991, 113, 437-449. 
[17]  Blankenship, T.N.; Enders, A.C.; King, B.F. Trophoblastic inva-
sion and modification of uterine veins during placental develop-
ment in macaques. Cell Tissue Res., 1993, 274, 135-144. 
[18]  Hunkapiller, N.M.; Fisher, S.J. Placental remodeling of the uterine 
vasculature. Methods Enzymol., 2008, 445, 281-302. 
[19]  Whitley, G. St J.; Cartwright, J.E. Trophoblast-mediated spiral 
artery remodelling: a role for apoptosis. J. Anatomy, 2009, 215, 21-
26. 
[20]  Kovats, S.; Main, E.K.; Librach, C.; Stubblebine, M.; Fisher, S.J.; 
DeMars, R. A class I antigen, HLA-G, expressed in human tro-
phoblasts. Science, 1990, 248, 220-223. 
[21]  McMaster, M.T.; Librach, C.L.; Zhou, Y.; Lim, K.H.; Janatpour, 
M.J.; DeMars, R.; Kovats, S.; Damsky, C.; Fisher, S.J. Human pla-
centa HLA-G expression is restricted to differentiated cytotro-
phoblasts. J. Immunol., 1995, 154, 3771-3778. 
[22]  Mkrtchyan, H.; Gross, M.; Hinreiner, S.; Polytiko, A.; Manvelyan, 
M.; Mrasek, K.; Kosyakova, N.; Ewers, E.; Nelle, H.; Liehr, T.; 
Volleth, M.; Weise, A. Early embryonic chromosome instability re-
sults in stable mosaic pattern in human tissues. PLoS One, 2010, 5, 
e9591. 
[23]  Ledbetter, D.H.; Zachary, J.M.; Simpson, J.L.; Golbus, M.S.; Per-
gament, E.; Jackson, L.; Mahoney, M.J.; Desnick, R.J.; Schulman, 
J.; Copeland, K.L.; Verlinksy, Y.; Yang-Feng, T.; Schonberg, S.A.; 
Babu, A.; Tharapel, A.; Dorfmann, A.; Lubs, H.A.; Rhoads, G. G.; 
Fowler, S.E.; De La Cruz, F. Cytogenetic results from the U.S. col-
laborative study on CVS. Prenat. Diagn., 1992, 12, 317-345. 
[24]  Mergenthaler, S.; Wollmann, H.A.; Burger, B.; Eggermann, K.; 
Kaiser, P.; Ranke, M.B.; Schwanitz, G.; Eggermann, T. Formation 
of uniparental disomy 7 delineated from new cases and a UPD7 
case after trisomy 7 rescue. Presentation of own results and review 
of the literature. Ann. Genet., 2000, 43, 15-21. 
[25]  Liehr, T. Cytogenetic contribution to uniparental disomy (UPD). 
Mol. Cytogenet., 2010, 3, 8. 
[26]  Yurov, Y.B.; Vorsanova, S.G.; Iourov, I.Y. Ontogenetic variation 
of the human genome. Curr. Genomics, 2010, 11, 420-425. 
[27]  Wolstenholme, J.; Rooney, D.E.; Davison, E.V. Confined placental 
mosaicism, IUGR, and adverse pregnancy outcome: a controlled 
retrospective U.K. collaborative survey. Prenat. Diagn., 1994, 14, 
345-361.  
[28]  Kalousek, D.K.; Vekemans, M. Confined placental mosaicism. J. 
Med. Genet., 1996, 33, 529-533.  
[29]  Robinson, W.P.; Barrett, I.J.; Bernard, L.; Telenius, A.; Bernas-
coni, F.; Wilson, R.D.; Best, R.G.; Howard-Peebles, P.N.; Lan-
glois, S.; Kalousek, D.K. Meiotic origin of trisomy in confined pla-
cental mosaicism is correlated with presence of fetal uniparental 
disomy, high levels of trisomy in trophoblast, and increased risk of 
fetal intrauterine growth restriction. Am. J. Hum. Genet., 1997, 60, 
917-927. 
[30]  Kalousek, D.K. Pathogenesis of chromosomal mosaicism and its 
effect on early human development. Am. J. Med. Genet., 2000, 91, 
39-45. 
[31]  Kalousek, D.K. Tissue specific trisomy - the significance of con-
fined placental mosaicism. Prog. Clin. Biol. Res., 1989, 311, 153-
163. 
[32]  Henderson, K.G.; Shaw, T.E.; Barrett, I.J.; Telenius, A.H.; Wilson, 
R.D.; Kalousek, D.K. Distribution of mosaicism in human placen-
tae. Hum. Genet., 1996, 97, 650-654. 
[33]  MacAuley, A.; Cross, J.C.; Werb, Z. Reprogramming the cell cycle 
for endoreduplication in rodent trophoblast cells. Mol. Biol. Cell, 
1998, 9, 795-807. 
[34]  Nakayama, H.; Scott, I.C.; Cross, J.C. The transition to endoredu-
plication in trophoblast giant cells is regulated by the mSNA zinc 
finger transcription factor. Dev. Biol., 1998, 199, 150-163.  
 
[35]  Wakuda, K.; Yoshida, Y. DNA ploidy and proliferative characteris-
tics of human trophoblasts. Acta. Obstet. Gynecol. Scand., 1992, 
71, 12-16.  
[36]  Zybina, T.G.; Kaufmann, P.; Frank, H.G.; Freed, J.; Kadyrov, M.; 
Biesterfeld, S. Genome multiplication of extravillous trophoblast 
cells in human placenta in the course of differentiation and invasion 
into endometrium and myometrium. I. Dynamics of polyploidiza-
tion. Tsitologiia, 2002, 44, 1058-1067. 
[37]  Zybina, E.V.; Bogdanova, M.S.; Stein, G.I.; Vlasova, T.D.; Zybina, 
T.G. Endopolyploidization and the interstitial invasion of the su-
pergiant trophoblast cells of the field vole Microtus rossiaemeridi-
onalis. Tissue Cell, 2009, 41, 362-366. 
[38]  Wright, A.; Zhou, Y.; Weier, J.F.; Caceres, E.; Kapidzic, M.; Ta-
bata, T.; Kahn, M.; Nash, C.; Fisher, S.J. Trisomy 21 is associated 
with variable defects in cytotrophoblast differentiation along the 
invasive pathway. Am. J. Med. Genet. A, 2004, 130, 354-364. 
[39]  Weier, J.F.; Weier, H,U.; Jung, C.J.; Gormley, M.; Zhou, Y.; Chu, 
L.W.; Genbacev, O.; Wright, A.A.; Fisher, S.J. Human cytotro-
phoblasts acquire aneuploidies as they differentiate to an invasive 
phenotype. Dev. Biol., 2005, 279, 420-432. 
[40]  Weier, J.F.; Ferlatte, C.; Baumgartner, A.; Jung, C.J.; Nguyen, H.-
N.; Chu, L.W.; Pedersen, R.A.; Fisher, S.J.; Weier, H.U.G. Mo-
lecular cytogenetic studies towards the full karyotype analysis of 
human blastocysts and cytotrophoblasts. Cytogenet. Genome Res., 
2006, 114, 302-311. 
[41]  Genbacev, O.; Zhou, Y.; Ludlow, J.W.; Fisher, S.J. Regulation of 
human placental development by oxygen tension. Science, 1997, 
277, 1669-1672. 
[42]  Genbacev, O.; McMaster, M.; Fisher, S.J. A repertoire of cell cycle 
regulators whose expression is coordinated with human cytotro-
phoblast differentiation. Am. J. Pathol., 2000, 157, 1337-1351. 
[43]  Zitzelsberger, H.F.; Szücs, S.; Weier, H.-U.; Lehmann, L.; Brasel-
mann, H.; Enders, S.; Schilling, W.; Breul, J.; Höfler, H.; Bauch-
inger, M. Numerical abnormalities of chromosome 7 and poly-
ploidization in human prostate cancer detected by fluorescence in 
situ hybridization (FISH) on paraffin-embedded tissue sections 
with centromere-specific DNA probes. J. Path., 1994, 172, 325-
335. 
[44]  Weier, H.U.; Kleine, H.D.; Gray, J.W. Labeling of the centromeric 
region on human chromosome 8 by in situ hybridization. Hum. 
Genet., 1991, 87, 489-494. 
[45]  Weier, H.U.; Segraves, R.; Pinkel, D.; Gray, J.W. Synthesis of Y-
chromosome specific, labeled DNA probes by in vitro DNA ampli-
fication. J. Histochem. Cytochem., 1990, 38, 421-427. 
[46]  Weier, H.U.; Gray, J.W. A degenerate alpha satellite probe, detect-
ing a centromeric deletion on chromosome 21 in an apparently 
normal human male, shows limitations of the use of repeat probes 
for interphase ploidy analysis. Anal. Cell. Pathol., 1992, 4, 81-86. 
[47]  Weier, H.U.; Rosette, C.D.; Matsuta, M.; Zitzelsberger, H.; Ma-
tsuta, M.; Gray, J. Generation of highly specific DNA hybridization 
probes for chromosome enumeration in human interphase cell nu-
clei: isolation and enzymatic synthesis of alpha satellite DNA 
probes for chromosome 10 by primer directed DNA amplification. 
Meth. Mol. Cell. Biol., 1994, 4, 231-248. 
[48]  Baumgartner, A.; Weier, J.F.; Weier, H.U.G. Chromosome-specific 
DNA repeat probes. J. Histochem. Cytochem., 2006,  54, 1363-
1370. 
[49]  Lu, C.M.; Kwan, J.; Baumgartner, A.; Weier, J.F.; Wang, M.; Es-
cudero, T.; Munné, S.; Zitzelsberger, H.F.; Weier, H.U.G. DNA 
Probe Pooling for Rapid Delineation of Chromosomal Breakpoints. 
J. Histochem. Cytochem., 2009, 57, 587-597. 
[50]  Cassel, M.J.; Munné, S.; Fung, J.; Weier, H.U.G. Carrier-specific 
breakpoint-spanning DNA probes for pre-implantation genetic di-
agnosis [PGD] in interphase cells. Hum. Reprod., 1997, 12, 2019-
2027. 
[51]  Lu, C.M.; Kwan, J.; Weier, J.F.; Baumgartner, A.; Wang, M.; Es-
cudero, T.; Munné, S.; Weier, H.U.G. Rapid mapping of chromo-
somal breakpoints: from blood to BAC in 20 days. Folia Histo-
chem. Cytobiology, 2009, 47, 367-375. 
[52]  Qumsiyeh, M.B.; Kim, K.R.; Ahmed, M.N.; Bradford, W. Cytoge-
netics and mechanisms of spontaneous abortions: increased apopto-
sis and decreased cell proliferation in chromosomally abnormal 
villi. Cytogenet. Cell Genet., 2000, 88, 230-235. 
[53]  Yurov, Y.B.; Iourov, I.Y.; Vorsanova, S.G.; Liehr, T.; Kolotii, 
A.D.; Kutsev, S.I.; Pellestor, F.; Beresheva, A.K.; Demidova, I.A.; 
Kravets, V.S.; Monakhov, V.V.; Soloviev, I.V. Aneuploidy and 408    Current Genomics, 2010, Vol. 11, No. 6  Weier et al. 
confined chromosomal mosaicism in the developing human brain. 
PLoS ONE, 2007, 2, e558. 
[54]  Iourov, I.Y.; Vorsanova, S.G.; Yurov, Y.B. Molecular cytogenetics 
and cytogenomics of brain diseases. Curr. Genomics, 2008, 9, 452-
465. 
[55]  Yurov, Y.B.; Vorsanova, S.G.; Iourov, I.Y. GIN'n'CIN hypothesis 
of brain aging: deciphering the role of somatic genetic instabilities 
and neural aneuploidy during ontogeny. Mol. Cytogenet., 2009, 2, 
23. 
[56]  Weier, J.F.; Weier, H.-U.G.; Nureddin, A.; Pedersen, R.A.; Ra-
cowsky, C. Aneuploidy involving chromosome 1 in failed-
fertilized human oocytes is unrelated to maternal age. J. Assist. Re-
prod. Genet., 2005, 22, 285-293. 
[57]  Yurov, Y.B.; Iourov, I.Y.; Vorsanova, S.G.; Demidova, I.A.; 
Kravets, V.S.; Beresheva, A.K.; Kolotii, A.D.; Monakhov, V.V.; 
Uranova, N.A.; Vostrikov, V.M.; Soloviev, I.V.; Liehr, T. The 
schizophrenia brain exhibits low-level aneuploidy involving chro-
mosome 1. Schizophr. Res., 2008, 98, 139-147. 
[58]  Iourov, I.Y.; Vorsanova, S.G.; Liehr, T.; Kolotii, A.D.; Yurov, 
Y.B. Increased chromosome instability dramatically disrupts neural 
genome integrity and mediates cerebellar degeneration in the 
ataxia-telangiectasia brain. Hum. Mol. Genet.,  2009,  18, 2656-
2669. 
[59]  Iourov, I.Y.; Vorsanova, S.G.; Yurov, Y.B. Chromosomal mo-
saicism goes global. Mol. Cytogenet., 2008, 1, 26. 
[60]  Yurov, Y.B.; Iourov, I.Y.; Monakhov, V.V.; Soloviev, I.V.; Vostri-
kov, V.M.; Vorsanova, S.G. The variation of aneuploidy frequency 
in the developing and adult human brain revealed by an interphase 
FISH study. J. Histochem. Cytochem., 2005, 53, 385-390. 
[61]  Bednarz, N.; Eltze, E.; Semjonow, A.; Rink, M.; Andreas, A.; 
Mulder, L.; Hannemann, J.; Fisch, M.; Pantel, K.; Weier, H.U.G.; 
Bielawski, K.P.; Brandt, B. BRCA1 loss preexisting in small sub-
populations of prostate cancer is associated with advanced disease 
and metastatic spread to lymph nodes and peripheral blood. Clin. 
Cancer Res., 2010, 16, 3340-3348. 
[62]  Munné, S.; Dailey, T.; Finkelstein, M.; Weier, H.U.G. Reduction in 
overlaps and missing signals in interphase-FISH. J. Assist. Reprod. 
Genet., 1996, 13, 149-156. 
[63]  Fung, J.; Weier, H.U.G.; Pedersen, R.A. Detection of Structural 
and Numerical Chromosome abnormalities in interphase cells using 
spectral imaging. J. Histochem. Cytochem., 2001, 49, 797-798. 
[64]  Vorsanova, S.G.; Yurov, Y.B.; Iourov, I.Y. Human interphase 
chromosomes: a review of available molecular cytogenetic tech-
nologies. Mol. Cytogenet., 2010, 3, 1. 
[65]  Wang, D.; Bodovitz, S. Single cell analysis: the new frontier in 
‘omics’. Trends Biotechnol., 2010, 28, 281-290. 
 
 